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Anacardic acid, 6[8(Z), 11(Z), 14-pentadecatrienyl]salicylic acid, inhibits generation of superoxide radicals by xanthine oxidase. This
inhibition does not follow a hyperbolic inhibition, depends on anacardic acid concentrations, but follows a sigmoidal inhibition. The
inhibition was analyzed by using a Hill equation, and slope factor and EC50 were 4.3F0.5 and 53.6F5.1 AM, respectively. In addition,
anacardic acid inhibited uric acid formation by xanthine oxidase cooperatively. Slope factor and EC50 were 1.7F0.5 and 162F10 AM,
respectively. The results indicate that anacardic acid binds to allosteric sites near the xanthine-binding domain in xanthine oxidase. Salicylic
acid moiety and alkenyl side chain in anacardic acid are associated with the cooperative inhibition and hydrophobic binding, respectively.
D 2004 Elsevier B.V. All rights reserved.Keywords: Antioxidant activity; Anacardic acid; Salicylic acid; Xanthine oxidase; Cooperative inhibition kinetic; Hill equationXanthine oxidase (EC 1.1.3.22) is formed from xanthine
dehydrogenase (EC 1.1.1.204) under oxidative conditions.
This molybdenum-containing enzyme catalyzes the oxida-
tion of hypoxanthine with oxygen to xanthine and finally to
uric acid [1,2]. Superoxide anion and hydrogen peroxide are
formed from oxygen. The reaction progresses a ping-pong
mechanism, and the ratio of superoxide anion generation
with hydrogen peroxide formation depends upon the oxida-
tion state of xanthine oxidase. The accumulation of uric acid
is known to lead to hyperuricemia and gout and, hence,
inhibitors of uric acid formation could be useful as thera-
peutic agents for these diseases. In addition, a large amount
of superoxide anion generation by xanthine oxidase leads to
peroxidative damages of cells, and inhibitors of the gener-
ation and radical scavengers of superoxide anion are useful
for prevention of oxidative damages [3,4].
Anacardic acids, 6[8(Z), 11(Z), 14-pentadecatrienyl]sali-
cylic acid (C15:3) (1), 6[8(Z),11(Z)-pentadecadienyl]salicylic
acid (C15:2) (2), and 6[8(Z)-pentadecenyl]salicylic acid
(C15:1) (3) (Fig. 1) were previously characterized from the
cashew apple and their diverse biological activities have
been described. The reports include antioxidant activity,0925-4439/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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thase [6] inhibitory activity and uncoupling activity of
oxidative phosphorylation [7]. As we found that anacardic
acid inhibited xanthine oxidase activity and the inhibitory
activity did not follow hyperbolic inhibition in preliminary
experiment, this prompted us to characterize property of the
inhibitory action. Anacardic acid (C15:3) (1) was selected for
the present study as a model since anacardic acid (C15:3) is
the major component among anacardic acids isolated from
the cashew apple and the number of double bonds in the
side chain is unlikely related to the enzyme inhibitory
activity [8]. It is referred to as anacardic acid for simplicity.
Since anacardic acid is the derivative of salicylic acid with a
nonisoprenoid alkenyl side chain, its activity was compared
with that of salicylic acid. Gallic acid, dodecyl gallate and
cardanol (C15:3) were also examined for comparison.1. Materials and methods
1.1. Chemicals
Anacardic acid (C15:3) (1) and cardanol (C15:3), [3[8(Z),
11(Z),14-pentadecatrienyl]phenol] (4) used for the assay
were previously isolated from the cashew nut shell oil [9].
Salicylic acid, dodecyl gallate (5), xanthine oxidase, 1,1-
diphenyl-2-picryhydrazyl (DPPH), bovine serum albumin
Fig. 1. Chemical structures of anacardic acids and related compounds.
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Chemical Co. (St. Louis, MO).
1.2. Radical scavenging activity on DPPH
The reaction mixture consisted of 1.00 ml of 100 mM
acetate buffer (pH 5.5), 1.87 ml of ethanol and 0.10 ml of
ethanolic solution of 3 mM DPPH. To the mixture at 25 jC,
0.03 ml of the sample solution (dissolved in DMSO) was
added, and the absorbance at 517 nm (DPPH, e=8.32103)
was recorded for 20 min [10]. As control, 0.03 ml of DMSO
was added to the tube. From decrease of the absorbance,
scavenging activity was calculated and expressed as scav-
enged DPPH molecules per molecule.
1.3. Radical scavenging activity on superoxide anion
generated by autoxidation of pyrogallol
The reaction mixture consisted of 0.06 ml of 10 mM
pyrogallol in 10 mM aqueous hydrogen chloride and 2.88
ml of 50 mM Tris–cacodylic acid buffer (pH 8.2) contain-
ing 1 mM diethylenetriaminepentaacetic acid and was
exactly incubated at 25 jC for 60 s. Then, 0.06 ml of thesample solution (dissolved in DMSO) was added to the
mixture, and the absorbance at 420 nm was recorded for 90
s (by pyrogallol autoxidation reaction) [11]. As control, 0.06
ml of DMSO was used. Reaction rate was calculated from
the proportional increase of absorbance, and scavenging
activity was expressed as scavenging rate of superoxide
anion.
1.4. Assay of superoxide anion generated by xanthine
oxidase
The xanthine oxidase (Grade IV) used for the bioassay
was purchased from Sigma. Superoxide anion was generat-
ed enzymatically by xanthine oxidase system. The reaction
mixture consisted of 2.70 ml of 40 mM sodium carbonate
buffer containing 0.1 mM EDTA (pH 10.0), 0.06 ml of 10
mM xanthine, 0.06 ml of sample solution (dissolved in
DMSO), 0.03 ml of 0.5% bovine serum albumin and 0.03
ml of 2.5 mM nitroblue tetrazolium. To the mixture at 25
jC, 0.12 ml of xanthine oxidase (0.04 units) was added, and
the absorbance at 560 nm was recorded for 90 s (by
formation of blue formazan) [12]. Control experiment was
carried out by replacing sample solution with same amount
of DMSO. Rate of superoxide anion generation was calcu-
lated from the proportional increase of absorbance.
1.5. Assay of uric acid generated by xanthine oxidase
The reaction mixture consisted of 2.76 ml of 40 mM
sodium carbonate buffer containing 0.1 mM EDTA (pH
10.0), 0.06 ml of 10 mM xanthine and 0.06 ml of sample
solution (dissolved in DMSO). The reaction was started by
the addition of 0.12 ml of xanthine oxidase (0.04 Unit), and
the absorbance at 293 nm was recorded for 90 s. Rate of uric
acid formation was calculated from the proportional in-
crease of absorbance.2. Results
As it appears that the antioxidant activity is not only due
to radical scavenging but inhibiting the radical generation,
the radical scavenging activity of DPPH was measured.
None of anacardic acid, salicylic acid and cardanol
exhibited notable radical scavenging activity of DPPH
(0.01F0.01, 0.04F0.02 and 0.02F0.01 scavenged DPPH
molecule per an anacardic acid molecule). To examine
radical scavenging activity of superoxide anion, superoxide
anion was nonenzymatically generated by pyrogallol autox-
idation (the rate is 17.0F1.3 nmol/l/s) and the scavenging
activity was examined. The scavenging activities by ana-
cardic acid and salicylic acid were less than 0.6F0.3 and
0.0F1.1 nmol/l/s at 200 AM, respectively. The result indi-
cates that scavenging activity of superoxide anion is low.
The rates of superoxide anion generation by xanthine
oxidase under present conditions were 180F25 nmol/l/s.
Fig. 3. Inhibition of superoxide anion and uric acid generation by xanthine
oxidase with anacardic acid (C15:3), salicylic acid and dodecyl gallate.
Inhibition of superoxide anion (o) and uric acid (.) generation in the
presence of anacardic acid, superoxide anion (5) and uric acid (z)
generation in the presence of salicylic acid, and superoxide anion (n)
generation in the presence of dodecyl gallate were indicated. Vertical lines
indicate standard deviation of more than three determinations.
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by xanthine oxidase was tested. The result is shown in Fig.
2. At the concentration of 30 Ag/ml (88 AM), anacardic acid
(C15:3) inhibited this formazan formation 82F4% (as shown
in Fig. 3) but cardanol (C15:3) did not up to 150 AM,
suggesting that structure of 2-hydroxybenzoic acid is nec-
essary to inhibit generation of superoxide anion. Interest-
ingly, salicylic acid did not show any observable inhibitory
activity up to 1.0 mM (and showed 7F3% inhibition at 2
mM). The dose–response curve of superoxide anion gen-
eration with dodecyl gallate followed a hyperbolic inhibition
but that with anacardic acid did not, as shown in Fig. 3. The
dose–response curve of superoxide anion generation (Y)
with anacardic acid (X) was analyzed by using the equation
of De Lean et al. [13].
Y ¼ ða dÞ=½1þ ðX=cÞn þ d
c ¼ X when Y ¼ ðaþ dÞ=2:
The response rates (a) in the absence of anacardic acid and
(d) in the presence of excess anacardic acid were 172F6
and 5F7 nmol/l/s, respectively. ED50 (c) and slope factor
(n) were 53.6F5.1 AM and 4.3F0.5, respectively. From the
dilution of enzyme inhibited at 200 AM anacardic acid
with 9 volumes of buffer, inhibition of superoxide anion
generation by anacardic acid was reversible (data not illus-
trated). When the inhibition by anacardic acid was measured
in the presence of 50–500 AM xanthine, which was a
substrate of xanthine oxidase, the shape of the inhibition
curves was not affected by concentrations of xanthine (data
not illustrated).Fig. 2. Rate of superoxide anion generation by xanthine oxidase in the
presence of anacardic acid (C15:3). Concentrations of anacardic acid (C15:3)
are 0 (.), 20 (o), 40 (z), 60 (5) and 80 AM (n) of anacardic acid,
respectively. Broken line indicated the rate calculated by using Eq. (1) in
text (Vmax=197 nmol/l/s, Km=45.3 AM, ED50=59.4 AM and n=4.2). Vertical
lines indicate standard deviation of three determinations.The rates of uric acid formation by xanthine oxidase
under present conditions were 151F30 nmol/l/s. Inhibition
of uric acid formation by anacardic acid was examined. As
expected, anacardic acid inhibited the rate as it inhibited the
rate of superoxide anion generation. Kinetic analysis of
anacardic acid indicated that the slope factor and EC50 were
1.7F0.5 and 162F10 mM, respectively. The shape of the
inhibition curves was not affected by xanthine contents in
the reaction mixture. Interestingly, salicylic acid also coop-
eratively inhibited uric acid formation. Slope factor and
EC50 were 2.42F0.31 and 580F5 AM, respectively. Gallic
acid inhibited only 3.0F1.0% of uric acid formation at 200
AM but dodecyl gallate competitively inhibited 76F3% of
the formation (the inhibition constant is 55.5F5.2 AM).3. Discussion
X-ray crystallographic analysis of xanthine oxidase was
previously reported that xanthine oxidase is a dimer and the
each unit has three domains [14]. Xanthine bound to
molybdenum atom in Mo-pterin domain, and oxygen bound
to FAD binding domain. It is known that salicylic acid binds
near the molybdenum center in xanthine oxidase at high
concentration but does not bind to molybdenum atom.
As radical scavenging activity of superoxide anion was
low, first, we examined effect of anacardic acid on super-
oxide anion generation by xanthine oxidase. Superoxide
anion generation rate by xanthine oxidase was rapidly
inhibited at greater than 20 AM anacardic acid as illustrated
in Fig. 3. The shape of the inhibited rates (vi) by anacardic
acid, which demonstrates a relation between the inhibited
rates (vi=aY) by anacardic acid and its concentration, is
sigmoidal (S-shaped) as shown in Fig. 4. The observation
Fig. 4. Relation between inhibited rate (vi) of superoxide anion generation
and concentration of anacardic acid (C15:3) and the Hill plot analysis.
Inhibited rate (vi) was calculated as a difference between the rate (vi=0) in
the absence of anacardic acid and the rate (v) in the presence of anacardic
acid. Solid line indicated the rate calculated by using Hill equation
(vi=0=168 nmol/l/s, EC50=51.9 AM, n=3.8). Vertical lines indicate standard
deviation of three determinations.
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Menten equation but follows a Hill equation [15].
vi ¼ vi¼0½I n=ðKI þ ½I nÞ KI ¼ ðEC50Þn
Dilution tests of anacardic acid-xanthine oxidase indicate
that the inhibition by anacardic acid is reversible. The shape
of the dose–response curves by anacardic acid in the
presence of various concentration of xanthine indicated that
the inhibition was noncompetitive. However, the reaction
rate (v) by xanthine oxidase in the absence of anacardic acid
follows a Michaelis–Menten equation. Therefore, the rateFig. 5. Proposed reaction of oxygen with isoalloxazine ring at FAD binding site in
center to the radical at FAD binding site in xanthine oxidase.(v) of superoxide anion generation by xanthine oxidase in
the presence of anacardic acid can be finally expressed as
follows.
v ¼ Vmax½S=½ðKm þ ½SÞð1þ ½I n=KI Þ
Vmax and Km : Vmax and Km for xanthine ð1Þ
The reaction rate calculated by above equation (Vmax=197
nmol/l/s, Km=45.3 AM, ED50=59.4 AM and n=4.2) is
consistent with the rate by xanthine oxidase in the presence
of anacardic acid, as shown in Fig. 2. It indicates that
anacardic acid noncompetitively bound to superoxide anion
generation site of the enzyme cooperatively to inhibit
superoxide anion generation.
Subsequently, we examine the effect of anacardic acid on
uric acid formation by xanthine oxidase. Inhibition of uric
acid formation was observed at above 20 AM as that of
superoxide anion generation and indicated that anacardic
acid noncompetitively and cooperatively bound to uric acid
formation site of xanthine oxidase. Slope factor (1.7F0.5)
for inhibition of uric acid formation indicates that anacardic
acid binds to two allosteric sites in dimer. We deduced that
anacardic acid binds near the molybdenium center in the
xanthine-binding domain of enzyme as salicylic acid does.
Higher affinity of anacardic acid to enzyme than that of
salicylic acid suggests that there is a hydrophobic interaction
of the alkenyl chain in anacardic acid with enzyme as that of
alkyl chain in dodecyl gallate. Thus, dodecyl gallate
inhibited uric acid formation competitively but gallic acid
did not. The difference of EC50s between superoxide anion
generation and uric acid formation indicates that anacardic
acid inhibits superoxide anion generation more strongly
than uric acid formation. Difference of slope factors be-
tween them should be due to the fact that the rate of
superoxide anion generation depends upon the square ofxanthine oxidase. Anacardic acid enhanced the electron flow rate from Mo
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depends on xanthine content. From the differences of these
inhibition factors observed (EC50 and slope), binding of
anacardic acid appears to produce hydrogen peroxide rather
than superoxide anion by enhancing the electron flow rate
from Mo center to the radical as shown in Fig. 5.
As a result, the inhibition by anacardic acid is explained
by that the first anacardic acid binds at a salicylic acid-
binding site in Mo-pterin domain. The binding inhibits both
uric acid formation and superoxide anion generation of
xanthine oxidase and affects the quaternary structure of
xanthine oxidase. The second anacardic acid molecule
should bind at another site in the dimer more rapidly than
the first molecule bind to the site to cause the cooperative
inhibitions of uric acid formation and superoxide anion
generation. Therefore, it is suggested that salicylic acid
moiety in anacardic acid caused cooperative inhibition and
alkenyl side chain in anacardic acid enhanced the inhibition
ability by interacting with the hydrophobic site of xanthine
oxidase. Further study is currently progressing to understand
this new type of antioxidant.Acknowledgements
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